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EXECUTIVE SUMMARY

Bridge expansion joints are a particularly troublesome component of bridges and many
Departments of Transportation (DOTSs) arekiog for a solution to deteriorating expansion joints
on highway bridges. Bridge expansion joints create a break in the structural continuity of a bridge
allowing clogging gravels and corroding chlorides to enfeey are designed to absorb thermal
movemats of the bridge between two bridge elements. There are three main issues regarding
expansion joire maintenance, knowledge about thermal movements, and costs.

In order to prevent deterioration due to expansion jpithis joints must be cleaned
regulaty and replaced promptly after failure. However, most DOTs do not have the personnel,
time or resources to maintain expansion joints in their districts which leads to bridge deterioration.
Other similar maintenance and component issues have been addigaged LifeCycle Cost
Analysis (LCCA). For this to be used on expansion joints the three main issues of thermal
knowledge, maintenance, and costs must first be addressed.

The main goaof this projectareto 1) expand understanding of thermal loadiriga$ on
bridge expansion jointand 2) conduct a LCCA for joint elimination and retrofits for bridges in
Colorado. These objectives were accomplished utilizing data from in field instrumentation and
finite element models. The study has been developetlyjbietween the Colorado Department of
Transportation (CDOT) and researchers at Colorado State University

Three main tasks were conducted to achieve the objectives: 1) collect and analyze long
term thermal loading data from existing bridges to assess @ahévading impacts on joints; 2)

perform a parametric study using a calibrated finite element model to further understanding of



joint behavior and retrofit options under thermal loads; 3) perform a LCCA for bridge expansion
joint retrofitting including im@cts on bridge superstructure.

The significance of this work includes the results of data collection and analysis, the
parametric stues and the LCCA findingsThe results of the numericanalysisshow that
clogged joints induce some localized stressre so for the steel bridgkut do not significantly
affect the global performance of the superstructure. The results also show that a reduction in
moment demand on the superstructure is not apparent until-&&uwlent connection is utilized
as a jointeplacementThe parametric study and data analysis of thermal gradients indicate a stark
need for further research into thermal gradients experienced by bridges. Finally, the LCCA
concluded that a retrofit continuous bridge design would provide the osigffective design by
decreasing joint replacement costs and pier cap corroSl@modeling approach outlined in this
study and the life cycle cost analysis framework can be applied to any bridge and be used by CDOT

to determine the viability of joirglimination for any bridge in CO.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

Degradation of United Statesodo public infra

and governing agencies k@i A challenge facing transportation departments is management of
leaking and clogged expansion joints in bridge structures, which result in significant deterioration
to bridge substructures and superstructures.need foa differentmaintenancstratey or a new
solutionto bridge expansion joints ever pressing

Bridge expansion joints create a break in the structural continuity of a bridge. They are
designed to absorb thermal movements of the bridge between two bridge elements. Notably,
expansiorjoints, and bearings, require regular maintenance throughout thespéfein order to
function properlyand thus inhibidamage to the bridge superstructure (Ha2d03). A clogged
joint can induce wuesigned for stresses into the girders and abutm@ntsaking joint can
introduce corrosion into the superstructure below, primarily the pier caps éLaiy 2008).
Deicing salts and chemicals used in colder regions increase the likelihood of corrosion beginning
in the superstructure if a leaking joistpresent. Additionallybridges located in themountaing
where chains are used on vehiclesn experiencedeterioration that is more extensivd hese
issues are what caused expansion joints to be named by the American Association of State
Highway aml Transportation Officials (AASHTO) as the second most common bridge

maintenance issue behind concrete bridge decks (AASHTO, 2012).



There are three maiissues regarding expansion janinaintenance, knowledge about
thermal movements, and costspaRrson jointsare very susceptible to adk ofmaintenance due
to DOTs lacking the people and resources to maintain their numerous bridge expansion joints
regularly A bridge expansion joint needs to be cleaned regularly, erery few months and
repair to potect it from clogging and leakage due to a damaged or worn out seal. However, this
type of maintenance is beyond the scope of DOTs, and consequently removing the expansion joints
from existing bridges altogether might solve this maintenance issueed@tedsissue is lack of
current research on thermal effects on bridge jpinttudinghow much movement is induced by
thermal loadsand how much stressWithout knowing how important expansion joints are to
bridge behavior, bridge movement and strigss hard to know how removing the expansion joints
would affect the overall structure. Finally, costs are an issue that needs addressing. Costs are
important in any longerm decisiorsuch as this ond®OTs need t&know what makes the most
economic sensegarding expansion jointhe economic issusuldbe addressed utiliziralife-
cycle cost analysis (LCCA) in conjunction with data analyzing the effects of tempenafjoreto
behavior. Consequently, a more cesffective solutim could be obtainedor the issue of
deteriorating expansion joints in existing bridges that does not require frequent extensive
maintenance and uses knowledge of thermal effects.

The use of LCCA in infrastructure design, maintenance, and repair is becoming more
prevalent arond the US. as well as around the world. The public is becoming more interested in
how officials use tax dollars, and thus encouraging agencies to look into and utilize better methods
of infrastructure analysis for higher cost efficier{gy-Wazeeret al.,2005; Ozbay et g12004)
Stanford Unversity defines LCCA concisely when they say it is the "process of evaluating the

economic performance of a building [or other piece of infrastructure] over its entire life"
2



(University, 2005) A LCCA of expansion joints on existing briglgin this manner could build

on results of data regarding thermal behavior of bridge joints.

1.2  Objectives and Scope of Research

The overall goal of this study is to increase understanding of thermal loadihg a
movement that is exhibited Hyridges in Coloado and to provide recommendations for the
elimination of deck joints in existing bridges. Specific objectives of this goal were developed
through discussion and coordination between researchers at Colorado State University (CSU) and
the Colorado Departmewnf Transportation (CDOT). Four main tasks were identified. The tasks
include: 1) collection longerm thermal loading data assess joint movement of two bridges; 2)
development and validation of finite element models of one steel bridge and oneecbridigs;

3) assessment of joint elimination options; and 4) assessment of tugcléecost and the
implications associated with joint removal.

The longterm data collected in Taskcanprovide information to CDOT about the actual
movement of the sedted bridges and joints. This can then be compared to the deck joint
movement and thermal loading requirements outlined in the AASHTO LRFD Bridge Design
Specifications. Development of the finite element models in Taskn®elp assess the stresses
inducedn the bridge from different connection types and thermal loading scenarios. Development
of retrofit connection types in Taskcanprovide CDOT with options to eliminate deck joints in
bridges with confidence. Assessment of the life cycle @d3€) implications in Task €anhelp
CDOT make decisions about which bridges to retrofit to eliminate deck joints and when a joint
eliminating retrofit is the most appropriate optidine content of this report includes:

3



A literatureand background review

Bridge ®lection and field instrumentation

Loadcontrolledtess for validating the finite element models
Parametricstudiesanalyzing the joints response to different clogging stiffness,
thermal gradients, and retrofit options

LCCA of bridge expansion joints ameltrofitting.



CHAPTER 2

BACKGROUND AND LITER ATURE REVIEW

2.1 Introduction

To achieve a thorough understanding of the problem and the state of the current research
relating to the elimination of deck joints, an extensive literature review was performed. Topics
suchas origins of code provisions, local behavior at joints, global bridge performaadade

agencies in the fieldhermal loadsand LCCAareincluded inthis chapter

2.2 Girder to Abutment Consideration

Various structural systems have been developedidw d&br thermal movements while
reducing or eliminating deck joints. Placing the joints at the ends of approach slabs or only at the
abutments is one method used. Allowing rotation of the abutments is another method that has been
utilized. This section aisto discuss these differences and the nomenclature that has been put into
place by the transportation agencies.

Integral bridges are bridges without deck joifSASHTO LRFD Bridge Design
Specifcations 2012) and have been increasingly used in recent years by government agencies
(Burke Jr, 1990; Tsiatas and Boardma&®002; Wassermari987) Though the current AASHTO
code provides an umbrella definition for integral bridges, some state or local transportation
agencies have developed definitions figity integral bridges and senmtegral bridges. In an

integral bridge, the total longitudinal movement is accommodated either through thermal stresses



in the superstructure, rotation of abutments, piers, or foundations, or a combination of those.
Therebre, understanding of integral bridge behavior is a vital part of designing the other elements
of the structure that will need to accommodate the longitudinal thermal movement.

Fully integral bridges are characterized by the absence of deck joints adlérasgstem
that is monolithic with the abutment. Often, the foundation piles supporting the abutment are
constructed to accommodate longitudinal movement from the bridge superstructure through
rotation. Constructing the abutment foundation from stepllés that are weakxis oriented (to
be rotationally flexible) is one method used. Alternatively, a structural hinge can be used at the
base of the abutment to prevent moment buil@Albhaisi and Nassjf2014; Wassermari987)
For fully integral bridges, a joint is often placed at the end of the approach slab, where a leak would
not as adversely affect the structural intggoff the bridggHusain and Bagnarip2000)

Semtintegral bridges, however, are charactediby the absence of deck joints throughout
the spans and by girders that are not monolithic with the abutment. Instead, of a monolithic girder
abutment connection, a bearing is used at the seat of the abutment to allow global bridge
movements. The foundah system for a senintegral bridge is rigid and the approach slab is
continuous with the bridge deck. Seimiegral bridges require less maintenance than bridges with
multiple deck joints. However, the bearings must be inspected and mairitainedncen not
relevant to fully integral bridges. An advantage to using setegral bridges is that they can be
used for longer bridges than fully integral bridges because they have expansion joints at the
abutments. The expansion joints at the abutments &losome thermal movement, whereas fully
integral bridges allow for no thermal movements without inducing stresses in the stfidotam

and Bagnariql2000) Though a fully integral bridge and a seimtegral bridge are both considered



integral bridges by the current AASHTO definition, the physical difference between the structural
systems is neworthy when further understanding of bridge movements and stresses are of interest.

2.3 Leading Agencies

Samples of past experiences published by transportation agencies are presented. The
agencies discussed are not necessarily an exhaustive list but acseesgeith a significant
published history of their work relating to elimination of deck joints or the analysis of thermal

loading.

2.3.1 Tennessee Department of Transportation

The Tennessee Department of Transportation (TDOT) has published many articles and
reports describing their experience with integral brid¢@ssserman 1987, 1999, and 2p14
During the past several decades, almost all of the bridges in Tennessee have been constructed
without deck joints up to several hundred feet. In extreme cases, btliggesould not be
constructed entirely continuous were constructed with a bearing at the abutment to allow for global
bridge movementk a semiintegral bridge. Steel bridges in Tennessee have been constructed with
entirely continuous superstructures opatlength of 127 m (416 ft). When bridges without deck
joints or joints at the abutments were studied, the stresses in the bridges were lower than expected.
However, TDOT admits to not fully understanding why these integral bridges perform so well
(Wasserman1987) Through experience, they have become more confident in increasing the
length of their integral bridges. However, to develop a generalized procedure that can be followed
with confidence by all bridge designers, it is necessaimpoove understanding about how these
structures behave spatially, thermally, and throughout seasonal cycles rather than relying on past

experiencewhich lacks analytical explanations.
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2.3.2 Transportation Ministry of Ontario

The Transportation Ministry of Orria (MTO) has also found success with integral bridges
since implementation of deck elimination retrofit program in 1995. MTO focuses on connecting
the slabs over the joint and leaving the girders discontin{@uigrio Ministry of Transportatign
2014) Due to the variability of superstructure types, material, and loading scenarios, three retrofit
designs were developed and used: 1) casting a deck and concrete diaphragm monolithically with
the girders, 2) casting a thin flexible deck, and 3) casting a flexible deo&rdied from girders.
Generally, limits on skew, girder end rotations, and girdeyhite help guide designers to a retrofit
choice. All three options were found feasible for steel girder systems. To avoid cracking caused
in the negative moment regions, fiber reinforced concrete was sugfemteét al, 2008) MTO
limited eligibility for the retrofit program to bridges with less than a 20 degree skew, a total bridge
length of less than 492 @50 ) and an angle subtended by 88 ft 30 m) arc along the length
of the structure that is less than 5 degiétssain and BagnaripP000) Details of their program

provide a suitable starting point for retrofitting bridges in Cadlarto eliminate deck joints.

2.3.3 Colorado Department of Transportation

Many state departments of transportation, including the Colorado Department of
Transportation (CDOT) also limit the length or skew of integral bridGesOT, 2012) Provisions
in the CDOT Bridge Design Manual for integral bridges provide limits on the bridge length. Bridge
lengths are limited t®40 ft (195 ny for steel briges(CDOT, 2012) Further analysis of the
thermal effects and connection types could help validate, tighten or loosen these restnictions i

some scenarios.



2.4  Types of Retrofit Connections

In addition to reducing maintenance and repair costs, integral bridge construction and
retrofit programs can potentially increase the load rating and design life of the bridge. However,
further understandingf the thermal effects induced in a jointless bridge needs to be developed to
allow bridge designers to implement integral bridges with confidence. It has been shown that
substantial differentials of stresses and movement occur in bridge girder systetostiiermal
effects (Chen 2008; Koo et al.2013) Additionally, state departments have usednerous
methods of connecting two simple spans. These different connections and bridge conditions may
have varying benefits, loagting implications, and CC implications.

A study completed with the Rhode Island Department of Transportation at the'gitgive
of Rhone Island investigated the effect that converting a simple span bridge to a continuous span
bridge would have on load ratinfEsiatas and Boardma®002) Linear, twedimensional models
were developed to examine the potentially increased moment capacity of bridges that were
converted from simple spans with deck joints to continuous structures without deck joints.
Multiple retrofit connection types that had been used by state transportation agencies were
included in the study including Deck Only, Deck and Top Flange, Deck and Bottom Flange, Deck,
Top and Bottom Flange, and Full Moment Splice. The results of the study indicatedoment
capacity was only increased when the Deck and Bottom Flange, Deck, Top and Bottom Flange,
and Full Moment Splice retrofits were implemented. However, the Deck Only connection type
was found to be the least expensive and most popular with goeetragencies. Based on the
two-dimensional model, these connection types had the highest potential for cracking and did not

increase the load carrying capacity of the brifiggatas and Boardma002)



2.5 Thermal Effects on Bridges

One of the main considerations of deck joint elimination is longitudinal movement.
Longitudinal thermal movement is currently accounted for in Section 30AASHTO Bridge
Design Specifications. The global thermal longitudinal movement has been shown to be accurately
predicted by the average temperature of the br{thporty and Roederl992) Some methods
used to accommodate longitudinal movements in integral bridges include flexible pile foundations
(Albhaisi and Nassjf2014)or an appropriately selected bearing or a hinge at the bottom of an
abutment{Wassermanl987) However, the total bridge performance and local behavior cannot
be entiréy described by the average temperature of the structure. The uneven heating and resulting
thermal stresses may also require consideration in order to eliminate deck joints without adversely
affecting a structural performance.

Thermal gradients are the ntageven at times of heating or cooling of the bridge. Heat
transfer due to direct radiation from the sun, conduction, or convection occurs every time that the
ambient air temperature changesgsually every morning and evening. Bridge orientation, length
of concrete overhang, depth of girders, height of concrete slab, and girder spacing are all
parameters that affect how evenly the bridge gains and losegGtest 2008) Commonly,
uneven bridge movements are accommodated through pier, bearing, joint, and girder movement
or rotation. Notably, however, an integral bridge would not possesataqaallow for uneven
movements of a superstructure. A more detailed study on thermal stress distribution for bridges in
Colorado could allow integral bridges to be designed confidently with longer lengths, greater skew

angles, and greater curvature.
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Thecoef ficient of thermal expansion, commonl

in length of a material for a given increase in temperature. Change in length of a homogeneous

material due to uniform change in temperature can be expressed in #dimEqu
B R Ot

where 0 is the change in length,”Yis the change in temperature or the final temperature

minus the initial temperature,is the thermal expansion coefficieft, is the original length of

the material considered. A negative result for the change in length corresponds to a shortening of
the material and a positive value for the change in length corresponds to an increase in length of
the material. Concrete hascoefficient of thermal expansion that is about eight percent less than
that of stee(Chen 2008)and this results in an change in length of a steel girder that is about eight
percent greater than what a concrete girder would experience. When these two materials are rigidly
connected, such as in a steel composite bridge, the change bfiserggtricted and corresponding
stresses develop.

A concept worthy of recognition is the difference in timing between critical thermal
movements and critical thermal stresses. The maximum expansion and contraction from setting
length for global bridge me@ement occurs during the warmest days in summer and the coolest
nights in winter, respectively. However, the maximum thermal stresses due to uneven heat transfer
in the superstructure occur during the warming of the bridge in the early afternoon orlitng coo
of the bridge in the evenin@g/oorty and Roederl992) Verification of this concepand further
understanding of the heating and cooling cycles on Colorado bridges can be further understood

with temperature data from instrumentation egervice bridges.
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Thermal stresses are localized stresses due to overall temperature change and due to
temperature gradients along any axis (transverse, longitudinal, or vertical) of bridge. Currently,
thermal gradient in the transverse direction is not accounted for in AASHTO LRFD Bridge Design
Specifications. The thermal gradient in the vertical direasanentioned in the current AASHTO
provisions, but does not need to be conside
temperature gradient in the design of a given
(AASHTO LRFD Bridge Design Specificatipp812) The ambiguity of this statement leads many
practitioners to neglect the thermal stresses that result from thermal gradients in the vertical
direction. However, these strestese been shown to exist on the order ebH#si in a daily heat
cycle of a steel box girder superstructure in Te@@ken 2008) This could be significant

depending on how economically the bridge was designed initially.

2.6 Increasing Popularity

Overall, the use of integral bridge retrofits and construction has increased in popularity in
the US and Canada in recent years. As of 2002, over 500 existing bridges have been made
continuous in the US and Cangdaiatas and Boardma2002) The bridge types that have been
retrofitted are up to 6 span structures with spans up to 86®1ft5 mWassermayi1987) Though
the popularity of bridges without deck joints is increasing, one of the current barriers of more
universal use of integral bridges is the lack of understanding of thermal gradients in bridges. To
improve the success of joint elimination retrofit programs and new construction for bridges without
deck joints, increased understanding of the thermal effadbridges is requisite. Knowledge of

thermal effects, especiallyith regard tdocal behavior at connections, will allow researchers and

12



designers develop a more diverse palate of retrofit options and improve estinh&i€ssaivings,
load rating imprgements, and values of expected stresses.

2.7  Global Bridge Performance

The global performance of an integral bridge under thermal loading is a function of
multiple parameters. Total longitudinal movement of the superstructure, the rotation of piers,
abutmentsand foundations that accommodate the longitudinal movement, effect of curvature,
length and skew, and a potentially improved moment capacity and seismic performance are all of
interest to a practitioner designing an integral abutment bridge. Multiptkestinave been
completed on these parameters of interest for integral bridges, however, most have focused on
concrete girder systenf$siatas and Boardmar2002) Less work has been completed on steel

girder performance and connection retrofit types in steel bridges than for concrete superstructures.

2.7.1 Longitudinal Movement

A case study has shown that the total longitudinal movement adgebran be predicted
by the bri dge 6 s(Radee008)gnd this is threpmethaa tuarentty described by
the AASHTO Bridge Design Specifications, specifically in sections 3, 5, a(ASHTO LRFD
Bridge Design Specification2012) This global expansion and contraction of the superstructure
is the primary focus of design codghu et al, 2010) The coolest and warmest temperatures
expected for steel bridges with concrete decks are described by a temperature contour map of the
United States and are experienced in the coldest nights of winter and warmest daysef,su
respectively. The contour map showing the maximum design temperature, developed by Roeder,
in 2002, is shown as an example in Figuré.2ZThe minimum design temperatures are also

provided by AASHTO LRFD Bridge Design Specifications in Chapter 3.12iy the maximum
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temperature is shown in this paper to illustrate the method. The expected extreme temperatures for

steel bridges have a greater range than for concrete bridges.
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Figure 3.11.2.2-3—Contour Maps for Ty, .. for Steel Girder Bridges with Concrete Decks

Figure2-1. Maximum Expeted Temperature for Steel Bridges with Concrete
Decks

In addition to the difference in longitudinal bridge movement due to differences of the
coefficient of thermal expansion, concrete girders generally contain a larger volume and mass than
steel girdersTherefore, concrete superstructures act more as a heat sink and do not reach the air
temperature as quickly as steel superstruct(hémsssermanl987) For these reasons, concrete
girder bridges are often designed for less extreme longaluthovement than bridges with steel
girders. In integral bridge construction or deck joint elimination candidates, this difference in
longitudinal thermal movement is manifested in codes through more restrictive maximum length
limits on steel integral mges than for concrete integral bridges; ~40@ 20 n) to ~500 ft(150
m is considered the longer end of the spectrum for integral bridge construction in steel bridges

(Burke Jr, 1990)
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One method used to allow the longitudinal thermal maear@rof integral bridges is placing
a hinge at the bottom of the abutment or pier to prevent moment bui{towpall, 1985;
Wassermanl987) The top of the abutment lotate away from the bridge during warmer days
during to thermal expansion and will rotate toward the bridge superstructure during cooler days
during to thermal contraction. This method has been used with success by the Tennessee
Department of Transpation (TDOT).

Another method used to accommodate longitudinal thermal movement of integral bridges
is flexible foundations beneath the abutments. Typically, a single row of-aveésmloriented H
piles is used that can rotate when the bridge expands amdate(fPugasap et al2009; Zhu et
al., 2010) Zhu et al. completed a calibrated finite element model of pier footings to examine the
robustness of the AASHTO provisions for the movements and soil stresses encountered under the
footings due to thermal loadEhe pressures encountered were well within the allowable bearing
pressure. However, the focus of the study was on the pier footings, rather than the single row piles.
Lastly, the girders were constructed of concrete, rather than steel and the soilrednsaienot
clay, which is commonly experienced as a problematic soil in Colorado.

Kim and Laman completed another parametric study in 2010 to examine the thermal effects
on flexible rotations. A finite element model was developed and the influence tidimeal
expansion coefficient, the span length, the backfill height, the backfill stiffness, and the pile soil
stiffness was considered. It was concluded that the backfill height and the backfill soil stiffness
have relatively insignificant effects on tlgdobal bridge responses. However, as the pile soil
stiffness increases, the maximum pile lateral force and pile moment also increases. Of the
parameters of interest, the thermal expansion coefficient and span length influence the girder axial

force, pile hteral force, pile moment and pile head displacement significgitly and Laman
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2010) Finally, the authors conclude by recommending that the effects of thernsslestrare

included in all integral abutment bridges.

2.7.2 Effects of Bridge Geometry (Skew and Curvature)

Effects of curvature and skew have been examined to determine if global longitudinal
bridge movements can or cannot be totally described by thdior@msicmal AASHTO provisions
in cases where the curvature and skew of the bridge are significant. Several transportation agencies
have set limits on the skew and curvature of bridges eligible for integral construction and retrofits
(Burke Jr, 1990; CDOT 2012; Husain and Bagnarj@000) Further understanding of connection
retrofits could help loosen the restraints on skew and curvature limitafioatsbeing said, special
attention should be given to skewed and curved bridges since field observations have confirmed
the high potential for crack development with in long and continuous skewed bridges (this is based
on discussion with Mr. Matt Greer with FHWA).

A threedimensonal finite element model was developed and verified by Moorty and
Roeder(1992 to examine effects of skew, length, width, girder depth, cloud cover, wind speed,
air temperature, bridge temperature differentials, and horizontal curvature in bridgethandear
loading. Their studies were performed on bridges with bearings between the girder system and the
piers and abutments. Bridges with horizontal curvature were found to exhibit significant radial
displacements near center of curvature and signifigangential displacements at point furthest
away from rigid supports. Also, radial displacements were found to increase as the curvature of
the bridge increased. Lastly, the radial displacements were shown to increase when the stiffness of
bearings were gater(Moorty and Roederl992) This is of importance to integral bridges where

the supestructure connects monolithically with the piers and abutments. The stiffness in these
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connections is many orders of magnitude greater than the stiffness of a bearing. Therefore, it is not
unreasonable to expect significant stress build up in connecti@ignificant radial movements

in curved bridges without bearing pads that are subjected to thermal expansion and contraction
along their longitudinal axis.

The finite element model developed by Moorty and Roeder also considered the effects of
skew. The dngitudinal and transverse deflections due to thermal loads were found to vary in the
transverse direction in skewed bridges. Displacements were greatest at points furthest away from
rigid supports. Lastly, it was recommended that bearings used on skesigsine unguided (not
restricted to a single line of movement) to allow for transverse moveifMaotsty and Roeder
1992) In an integral bridge without bearings, however, these movements waelsttzenedand
the bridge would need to be able to accommodate these stresses through movement in a different
location or with the strength ofrattural elements.

Questions remain about the effects of curvature and skew in integral bridges. However,
understanding the movement of Aiotegral bridges provides a link to how the stresses would
accumulate in curved and skewed integral bridges. QUA&SHTO commentary (Section
C3.12.2.1) states that bridges with large skew or curvature should not be built upon bearings that
only allow movement in the longitudinal direction due to radial or tangential movement that is
expected. Understanding of re@tita and connections used combined with structural solid
mechanics could yield estimate for the accumulated stresses. Or, the vertical supports could be
decreased in stiffness to allow for the thermal movements to occur without the accumulation of

stress.
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2.7.3 Potential Increase in Moment Capacity

Eliminating deck joints and making the girders and deck continuous has the potential to
increase moment capacity. However, due to the multiple ways a bridge can be connected and made
continuous, the extent of the inased load rating is largely dependent on which detail is used and
what elements of the superstructure become connétstmtas and Bodman 2002) A study
conducted in 2002 by Tsiatas and Boardman examined Deck Only, Deck and Top Flange, Deck
and Bottom Flange, Deck, Top and Bottom Flange, and Full Moment Splice connections. The
study concluded that no increase in moment capacity wabied when Deck Only and Deck
and Top Flange connections were used. The Deck Only and Deck and Top Flange connections
also were found to possess the highest potential for cracking due to the negative moment
experienced in the bridge over the piers opsuts.

Connections that did improve the moment capacity of the bridge included the Deck, Top
and Bottom Flange connection and the Full Moment Splice connddtsatas and Boardman
2002) Unsurprisingly, these connections are more expensive and laborious to construct. However,
for bridges that are expected to carry more traffic in the near future, this option may be worth
consideringWorth noting is that the model used to draw these conclusions watirtvensional.

It is uncertain whether this model included some of the benefits or disadvantages of the local
behavior of the connection types considered. A tdieensional model and nmerfield
verification of this model would strengthen the claims asserted.

2.8  Local Superstructure Behavior

The parameters and areas of interest of local behavior for bridges with deck joints differ

from those without. Local superstructure behavior of intdéoegiridges with deck joints includes
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corrosion of girders under leaking joints, joints unable to perform due to debris build up and
performance of joints and bearing pads under extreme temperatures. Local superstructure behavior
of interest for integrabridge construction and retrofits (bridges without deck joints) includes
laterattorsional buckling (LTB) risk, thermal stress differentials in the superstructure- cross
section, stresses in connections, rotation at girder ends, shear lag at girdercenddeestanding

the advantages and disadvantages of numerous connection types. Local behavior of these forms
could be nodinear and not fully described by twbmensional models. Instead, verified, detailed
threedimensional finite element analysis wouldcrease the understanding of the complex
behaviors exhibited. An examination of previous research completed in these areas of interest

follows.

2.8.1 Corrosion

Corrosion, one of the central issues with deck joints, is caused in the superstructure when
deck joirts leak(Hawk, 2003; Lam et a).2008) This corrogon at the deck joints, which are
commonly located at the piers, abutments, or other vertical supports, causes the structural integrity
of the superstructure and bearings to deteriorate. Often, local behavior of the bearings, connections,
girders, pier cap and piers under these decks will be adversely affected. The use of deicing
chemicals, and their subsequent runoff from roadways, increases the rate of corrosion to girder
systems under deck joinfEsiatas and BoardmaR002) When deck joints leak, maintenance and
eventually replacement are necessary to maintain a safe strivdtioaus bridges in the state of
Colorado have suffereiom similar deteriorationThe Colorado Bridge Enterprise (CBE) has
been formed in 2009 with the purpose of providing funding to repair, reconstruct and replace

bridges designated as structurally deficient or functionally obsolete, and rated poorof list
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bridges that fall under these conditions can be fond in the CBE Ilist at

https://www.codot.gov/programs/BridgeEnterprise/documents/fasigewidebridges

2.8.2 Blocked Expansion

In order to function properly, expansion joints must be able to freely expand and contract
without significantly affecting the driving surface of the road. As illustrated in FigiZred2bris
build up in an expansion joint less thar months old can prevent it from closing in warmer
weather to accommodate thermal lo&d@ken 2008) Routine maintenance is required to keep

expansion joints in working order.

Figure2-2. Debris in expansion joint in service for less than six months (Chen
2008)
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If excessve debris is allowed to build up in an expansion joint, pavement growth can occur.
Pavement growtfPG), as defined by the Michigan Department of Transportation (MDOT), is the
widening of joints from debris build ug\nother major cause of PG is from coste pavement
that expands over time, causing joints to close. This phenomenon has been observed in bridges on
1225 and | 25 in Colorado and has been successfully addressed with pavement relief joints

If traffic removes a compression seal or debris buildgrom other causes, the effect on
the structure can be severe. When a joint with debris-opildpens further due to reduction of
average bridge temperature, the debris settles further into the joint and now takes up the entire new
width of the joint @ening. This is very damaging because at this point, the joint will not be able
to close any further than the current cool weather, wider debris opening. As a result of this
increased opening, more debris is allowed to build up and the distance fromddoé the
pavement to the other Agrowso. | f the average
not be able to close to alleviate thermal stresses. However, if the temperature only decreases to a
greater extent, the joint will opdarther,andthe newly added debris will settle into the joint and
prevent even more movement, as shown in FigitBeTis cycle continues if the bridge deck joint
is not maintained and significant stresses can be induced into the bridge local connections, bearing
pads, and superstructure elemefRegers eal.,, 2012) Eliminating deck joints would allow for

reduction of damage or reduction of cost of maintenance to prevent damage.
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Figure 1. Saw cut and scaled green concrete pavement Figure 6. Incompressible particles settle

Figure 2. Shrinkage crack forms at contraction joint % —-—)
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Figure2-3. Cycles of Pavement GrowfRogers and Schiefe2012)

2.8.3 Lateral Torsional Buckling Risk for Steel Girders

In bridges that are constructed without deck joints originally or retrofitted such that deck
joints are eliminated, a potertiaterattorsional buckling risk occurs in composite steel girder
systems. Positive moment regions of the bridge (nearspad) exhibit compressive stresses on
the top of the superstructure crestion. Since most steel girder systems are composheawit
concrete deck, the neutral axis of the cresstion israised,and the majority of the compressive
stresses are carried in the concrete deck in the positive moment regions of the bridge. The

compression that occurs in the top flange is relatively Isamal the flange is held in place by a
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composite concrete deck. However, in the negative moment regions of the bridge, which are
commonly where a deck joint is eliminated and the bridge can be made continuous, the nrew cross
section under negative momentliveixhibit compressive stresses on the bottom flange of steel
girders that is not supported or carried by a composite concreté\tesdeghi2013) The® high
compressive stresses in the bottom of the section below the neutral axis and the tensile forces
experienced above the neutral axis cause a potential for {edesi@nalbuckling orkicking-out-

of-plane. Analysis of this type of behavior is regi@igbo making a superstructure continuous and
stable.

Compactsteelsections are crossections that are not at risk of latetaisional buckling.
Whether or not standardly compact sections, as specified by AISC Code are clear of this risk in all
integralbridges could be verified by numerical modeling or laboratory tests. Sections that are not
classified by the American Institute of Steel Construction as compact should definitely be analyzed
for this behavior before a retrofit or new construction of &egral steel bridge is completed. The
stresses occurring in the connections and girder system are a function of what kind of connection
and girders are in place. Therefore, an analysis of buckling behavior for current and possible
retrofit connections angirder systems would be a helpful step in quelling the potential for lateral
torsional buckling. Lateral bracing in the form of stiffeners or torsional bracing in the form of
diaphragms or cross frames can be implemented near the part of the girder ressoonpto

prevent lateral torsional buckling (Vassed013 Seguj 2012).

2.8.4 Temperature Gradient

Another significant factor to consider when eliminating deck joints is uneven temperature

in the transverse and vertical direction across a bridge and gnalssection. During times of
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the day in which the ambient air temperature is changing, the entire bridge is also changing in
temperature through radiation, convection, and condudfiua.could cause deck cracking, which
has been observed in Coloradadges, as a result of continuity. Undoubtedly, the mix designs
and placement are other contributors to deck cracKadiation is the energy emitted by the sun
in the form of electromagnetic waves through the medium of the atmosphere. Usually, only the
deck receives direct solar radiation, while the girder system does not. Convection is the mode of
heat transfer between the bridgebds solid surf
and involves the combined effects of fluid motion and cotidncThe outer girders and deck may
experience the effects of convection to a greater extent than the interior girders. Conduction is the
transfer of energy of more energetic particles in one solid to less energetic particles in another solid
through diret contact (CengeR012). The constant and inconsistent temperature changes across
the crosssection manifest themselves in uneven expansion, or, if restrained, uneven thermal
stresses in the bridge structure.

In 2008, Li et al. completed a study on thertnal loading and expansion joint movement
of Confederation Bridge, an existing, leagan concrete girder bridge. Though this is not a steel
bridge, the methodology to analyze and monitor a concrete bridge would be similar for a steel
bridge. Temperaturgifferentials in the vertical and transverse direction in the girder-sexgon
were examined with three years of data gathered from thermocouples installed on the bridge. The
rate of temperature change and temperature gradient was discovered tp deddferent rates
and patterns in the transverse direction than in the vertical dire¢tioasal., 2008) It was also
found that shallow sections did not need to consider temperature variation in the transverse
direction (the direction perpendicular to trafflow). Though this seems like a promising way to

simplify a design method, what constitutes a shallow section was not explicitly stated by the
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authors. Rather, the shallowest section of the bridge, a concrete box girder with a height of 177 in
(4.5 m) wa the shallowest section considered and it did not appear to have significant temperature
variation in the transverse directi¢n et al, 2008) A boundary between shallow sections and
deep sections is never explained, but a qualitative conclusion that shallmnsbkave negligible
temperature variation in the transverse directions helps further understanding about thermal effects
in a crosssection. However, a quantitative definition of shallow in relation to other parameters
would be more useful to a practitier designing an integral bridge.

Another notable study was performed by French et al. in 2013 to assess the thermal gradient
effects in the Interstate 35 St. Anthony Falls Bridge in Minneapolis, MN. This posttensioned
concrete box girder bridge was maméd over a duration of three years. Finite element modeling
in ABAQUS was developed and gradients from two code provisions were considered. Vertical
thermal gradients from AASHTO LRFD Bridge Design Specifications developed by Imbsen et al.
(1985) and thélew Zealand Bridge design code developed by Priegli@y8) were considered.

A fifth -order design thermal gradient, as specified by the New Zealand Bridge Design Code, was
determined to be the most appropriate for this bridge with the top surface temgenatching

the temperature assigned in the AASHTO provisions for Minneapolis, MN (French214).
Additionally, the global structural demand modeled with the AASHTO provisions of vertical
thermal gradient were found to be much lower than the medstiresses (French et, £013).

This study further encourages the examination of the vertical gradient developed by Imbsen et al.
(1985)in AASHTO for other bridge girder types and in other geographical locations.

Further studies performed by Ché&R008) were conducted t@nalyze temperature
differentials and the corresponding thermal stresses in steel bridges in Texas. This study is

particularly relevant because the bulk of research involving elimination of deck joints and thermal
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gradients has beerorducted on concrete girder bridges. Analysis in this study involved finite
element models verified by field monitoring and experimental testing performed in the Ferguson
Structural Engineering Laboratory in Austin, Texas. The dissertation addressesustaess of
thermal stresses that occur in bridges that are accounted for in the current AASHTO Bridge Design
Specifications. Also, stresses that are not currently accounted for in the AASHTO Bridge Design
Specifications are examiné@hen 2008) According the temperature contour map provided by
AASHTO the temperatures range is cooler in Cado than in Texas. The maximum expected
temperature for Colorado and Texas is’EODLCPF and 103F-115°F, respectively. The minimum
expected temperature in Colorado and Texas is approxima&@ly - O°F and 10F - 40°F,
respectively (AASHTQ2012, Figue 3.12.2.21 and Figure 3.12.2-2). The range of expected
temperatures for Colorado is larger than in Texas and therefore the stresses found in steel bridges
in Texas may actually be less than what a similar steel bridge in Colorado would experience.

Though current AASHTO provisions only require consideration of the total longitudinal
thermal movement based on the average bridge temperature, stresses due to temperature
differentials in the cross section were shown to commonly be abegeksi(34.5 MPa)in steel
box girder bridges in Texas. Though different girder widths, depth and bridge location would
change the value of these stresses, it is clear that the significance of these stresses is worth
anal yzing in Col or ado 0 situdetofeo&di(34.6 MRajsgeackedonfa an o
regular basis in Texas steel bridges.

The heating and cooling of steel girder systems with composite bridge decks was analyzed
in Chends research. Due to the dif fneexppsurees i n
to radiation, convection and conduction, the heating and cooling of a composite girder cross

section is nofuniform as shown in Figure-2 and 25. If these two components of the
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superstructure, the deck and the girder, are restrained in rtiee [dace, thermal stresses will
develop due to the uneven heating or cooling of the structure. Accounting for these additional
stresses through increases in material strength, flexible piles, hinged abutments, and/or bearings

could help alleviate stressesthis local behavior.
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Figure2-4. Vertical Temperature Distributions of Heating of Steel Composite
Girders(Chen 2008)

Concrete Deck

Steel Girder

Depth of Superstructure

Figure2-5. Vertical Temperature Distributions of Cooling of Steel Composite
Girders(Chen 2008)
Regarding integral bridges, material strength musinbeeasedpr movement must be

allowed to accommodate e uneven movements to occur. Notegral bridges with expansion
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joints can expand or contract at slightly different rates without inducing stresses because of the
gap that is present. For example, if the concrete deck heats and expands sooner amdtiéan th
girder below it due to solar radiation on the deck, the gap in the expansion joint would close more
near its top and less near its bottom. However, this uneven expansion joint opening would induce
no stresses. For integral bridges, on the othed,heamy uneven thermal expansion or contraction
would induce a stress in the element because it is not allowed to move independently from the
adjacent span at the vertical supports. Movements would need to be absorbed through pier
deflection, foundation dé&fction, strength of material, bearing movements, girder deformation, or

a combination of all of theg€hen 2008) It should be noted that for both integral and-imaegral

bridges, stresses at the interface of the steel girders and concrete deck would be expected due to
the uneven heating shown in Figurel 2and 25. The magnitude of thestresses is relatively
unexamined, but worth analyzing for design of shear studs and connections between the deck and
the girder system.

Effort also was made in this study to identify the conditions with the greatest thermal
effects. It was found that llges with nortksouth orientation, shorter lengths of the concrete deck
overhang, deeper steel girder webs, thinner concrete decks, and wider girder spacing resulted in
the most extreme cases of thermal stre@len 2008) Though this is a qualitative result, it may
be beneficial to know these most extreme conditions to strategize a veaute thermal effects

in the design of a new bridge.

2.8.5 Temperature Data

Lastly, a statistical analysis was performed to compare the temperature data found with the

expected values provided in the AASHTO Bridge Design Specifications. The temperatures
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provided in AASHTO are meant to show the minimum and maximum temperatures expected in a
region with a 108/ear return period. This study found that, for the Houston Area, the AASHTO
code provided a lower bound temperature with a return period of only 16 yearsuffors
recommended that the expected minimum temperatures be adjusted to a-fyeark@@rn period
(Chen 2008) This discrepancy in temperature data is concerning for the bridge designs in
Colorado as well. Statistical analysis for minimum and maximum bridge temperatures in Colorado
may help designers construct bridges in a more atectemperature range than provided in the

current AASHTO provisions or help AASHTO modify their provisions.

2.8.6 Influence of Temperature compared to other variables

Another case study performed on the Tamar Bridge, a 335 m span suspension bridge in
Plymouth, Uited Kingdom, aimed to examine the effects of environmental loading on the bridge
from temperature, wind, and traffic. Out of levelness, tension response in cables, bridge
temperature, and wind loading were all monitored during the study. It was dettimneut of
levelness, tension response of cables, and stresses across the girder system were most driven by
the effects of temperatu&oo et al, 2013) Wind and traffic loading were found to have an
insignificant effect in comparison. It was also found in this study, like in otlleas, the
temperature of the bridge deck is routinely warmer than the supporting superstructurgioelow
et al, 2013) which reaffirms that shear stresses will exist at the connections between the two
elements if rigidly connected. Overall, this study showed that the effects of teonperat
differentials in the cross section are significant in local behavior such as stresses, out of levelness,

and deformation.
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2.9 LCCA Process

LCCA involves determining all costs associated with a piece of infrastructure over its
design life. These costs randgrom design and construction to maintenance and user costs to
environmental and vulnerability cogisrangopol and Lit2007; Marques Lima and de Brj2010;

Hawk, 2003; Safiet al.,2015; Kim et al.2010; Hatami and Morcou2014; Reigle and Zaniewski

2002) Once all costhave beendentified, they arereferenced to a point in timend the total
calcul at ed. This tot al c gparn is theoLCQvhach can theh bea s t r u
compared to the lifeycle cost of other designs for the same piece of infrasteict CCA

becomes an effective way to compare designs and support the choice of a particular design as the
most economally effective choiceoverall even if its initial cost is higfHatami and Morcouys

2014) This can be particularly helpful when talking to the public or working idigpdesign and
construction(Al-Wazeeret al.,2005)

Like any analysis proceskCCA is based on a couple assumptions. Performing an
LCCA assumes that there are multiple designs for the same desired piece of infrastructure, whether
bridge, building, or roadway, and that kaaf these designsan meet the needs and required
performance capabilities. Additionally, it is assumed that each of these designs has varying initial,
operating, and maintenance coatgl can havearying lengths of lifespan(University, 2005)
Therefore, these assumptions must be true and taken into cotisidetzen performing a LCCA.

If the case of several designs having differentdfanss the casethey must be manipulatéd
have a common lifeycle to compare them using a IGA. Forexample,f design A has a life
span of 25 years and design B has adgan of 50 yearshen an analysis could assume that at the

end of design A's life span a second design A is luhtave a lifespan of 50/ e atotal. @hen
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the combined ausecutiveconstruction of twadesignAd san be compared to design B using
LCCA.

The LCCAprocess is laid out ifrigure 2-6 below. Furthermore, designs with only one
major component difference can be comparedlaadostosteffectivedesign type chosen using
LCCA. This creates a simpler analysis where only a few variables are different between the two
designs. Kanget al. (2007)utilize this approach by analyzing two designs for the same bridge,
where the two dggns use different superstructure components, for example using prestressed
concrete beams ysestresselox girderdKang et al,2007) For their LCCA instead of analyzing
the costs associated with every component of the bridge, they focus on only those associated with
the superstructureading to a slightly simplified analysis.

However, LCCA is not limited to newly designed infrastructure. This analysis approach
can also be utilized when looking at deteriorating infrastructure in need of maintenance, repair,
and/orreplacement. When l&ng atexisting infrastructure, costs of maintenance, repair, and
replacement along with costs to users due to inconveniences are included indheldifeost.

These lifecycle costs can be compared for different methods of maintenance, repair, and
redacement to determine the most economicalforgr m s ol ut i on. After al
aspects to be considered in LCCA of infrastructure is the anticipated maintenance and/or

rehabilitation to be perfor @ehn2006y oughout t he
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Furthermore, there is more extensive application of LCCA to existing structures and
relatively little application to new structuréSafiet al.,2015) This is despite the fact that LCCA

applied to any structure will proda long term savings, and if applied to a new structure it will
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produce the maximum savings because theseapplied over the entire length of the structare

lifetime (Agency and Sever2000) However, an existing structure can also benefit from LCCA

due to the structural system being composed of manyesrpalits and each of these has a different

and likely shorter lifespan than the overall system. Furthermore, these components are not usually
easy or simple to replace and therefore the costs associated with that replacement or repair can be
critical (Riedel et al.1998) This is not to say that designing a structure with these costs in mind

at thebegnning with an LCCA is not better in the long run, it is, however, using LCCA in the
continued maintenance is also beneficial.

There are several aspects that hinder the application of LCCA to new structures. One that
is proposed by Safi, et. al. that coddd hindering the application of LCCA to new bridges in
particular is the assumption that bridge management systems (BMSs) are completely separate from
LCCA, when in reality much of the data used in BMS could help determine an accurate LCCA
(Safi et al.,2015) Another problem @uld simply be an incomplete understanding of LCCA
benefits among implementgiGoh and Yang2014) Additionally, LCCA requires foresight, the
funds to support a slightly more exymive design with long term savings in mind, and time to
perform the analysis. These deterrents are slowly becoming overwhelmed by the benefits of LCCA
as they become better known and supported by federal agencies.

As the benefits of using LCCA in infrgcture analysis become common knowledge, it is
suspected that more and more states will implement it as a regular practice. Utilizing LCCA can
enable government and state agencies to make the most economical design and repair decisions
regarding publiénfrastructure over the infrastructdseentire lifespan.This can lead to minimized
maintenance, repair, and replacement costs as well as minimize delays and costs to users over the

structurés life-time.
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All infrastructure is an investmenpublic infrastructure is an invasent of the public's
funds consequentlynterest in the best use of funfis infrastructure maintenangs growing.
According to Goh and Yang, before 1990 there was very little attention given to LCCA, however
in 1990 thd~ederalHighwayAdministration began to encourage its use in projects and later made
it mandatory for projects of $25 million or mdi®oh and Yang2014) Research and application
have leen increasing in all areas of infrastructure since this mandate. LCCA is becoming an

integral part of design and maintenance of infrastructure and therefore should not be taken lightly.

2.10 Components of LCCA

Several components make up the costs analyzad @CA. These components can mean
slightly differentthingsfor different types of infrastructure, for example bridges versus buildings
will have slightly different costs associated with them. Common cost components include:
initial/construction, operatig maintenancagnewalfeplacement, cost ahpital, anduser
(Board 1998) Below in Figure2-7 is a flow chart showing the components of each cost,
followed bya general description of each of the main components of cost that are related to
LCCAs.

Initial Cost is perhaps the simplest component of LCCA cost components. fialecost
is what he project will cost up fronfThis includes the costs of the design, the contract, the

project management, the construction, and the final inspection and certifidatiecessary.
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Initial cost is what has been traditionally used to choose which design to use for a
project, independent of any of the other costs. The agency would traditionally receive
several design bids and would choose the loweg{Sat et al., 2015)The lowest bid
procurement process does not account for any of the other cost comspmrwmring
t hroughout t hirsteas bf choasinguhe erojemith the lbweest initial bid,
the design could be chosen based on lowest LCC bid, which is what is proposed to the
European Union Directive by Sadt al.( 2015)

Operation Cost is the cost needed to operate the infrastructure oversialife
This cost varies greatly depging on the infrastructure being analyzed. Some structures
will have little to no operational costs, such as a simple bridge. However, other structures,
such as buildings, drawbridges, or toll roads will have various operation costs associated
with employees and machinery. These costs could include employees to run the machinery
or toll booths and electricity to power the structure.

Maintenance Coss the cost of maintaining the infrastructure in a safe, usable, and
functional condition. Maintenancests can includeegular inspections, weather proofing,
cleaning, painting, and any type of required updating. Depending on the structure these
maintenance costs could be as frequent as monthly or as infrequent as every few years. The
importance of havindunds to perform the maintenance is also going to depend on the
structure. For example, the repainting of a steel bridge to prevent corrosion could have
more importance #@m the repainting of a concrete building on schedule because the steel
bridge is tyjcally going to be more immediately susceptible to deterioratian the

building.
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Renewal/Replacement Cestdependon the object of analysis whether the
objective isrenewalof the structureor replacemenof the structuran part or entirety
Renewalcost would be applicable to costs due to the renewing of software or electric
systems. Whereas a replacement cost would apply to the replacement of anything
connected tothat piece of infrastructure or equipment. This could range from the
replacement od single element to the entire structure.

Cost of Capital is the money's time value to the owner, investor, or in the case of
public works the taxpayei®oard 1998) This cost adjusts for the fact that choosing a
design using LCCA often means a higher initial cost compared to designs that do not use
LCCA and would have higher maintenance and repair costs later. difegrésfe money's
time value is accounting for using that extra money to have a lower overall cost instead of
using it to invest in something else.

User Cost includes any costs to users of the infrastructure or system. This can
include costs to drivers amhssengers due to construction or traffic blocks for repair or
replacement i Li f e Cycl e Cost Optimisation in Highwa
n.d.) Another example of user costs could be due to relocating of employees in the case of

a building's repair or maintenance.

2.11 Components and Parameters Relatetb Bridge Maintenance

Bridge design, maintenance, repair, and replacement have spesibwithin each
general cost component of LCCRBelow Figure 2-8 shows a flow chart for the LCCA
costs specific to bridgesn order to compose a thorough LCCA for a bridge, each
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component othe LCCA must include all aspects that affect the bridge. In other words, the
parameters must be tailored to the infrastructure and its environment, in this case a bridge
and the outdoor@Hawk, 2003)

There are also parameters in addition to the cost components that need to be taken
into consideration and are of particular interest to bridges. These include the service life of
the bridge and the analysis period of the LCCA. The serviceslifiee time period over
which the components of the bridge and the bridge @seih serviceable condition based
on the industry standard for acceptable condition limits. The service life does not always
equal the design life, a design life mightactdu f or r epair or repl acemen
substructure parts. However typi@&dst Management Practicd8\MPs) assume a service
life between 70 and 100 years. On the other hidnedanalysis period is the period of time
over which all costs in the LCCAre analyzed and brought to a total present value. This
time period can be shorter or equal to the service life of the bridge, depending on the period
the buyer wishes to analyze based on what years are of most importance. Nonetheless,
typically the analgis periods made equal to the service life in order to simplify the LCCA
procesgHawk, 2003) However, if the analysis period is less than the service life ithere
a value left due to the remaining serviceable life of the bridge.

Initial and constructin costs are some of the simplest components of a LCCA for
bridges. Both are constant values, with little uncertainty associated with them because they
are onetime costs at the beginning of the bri
design and entractor costs, while the construction cost is the cost of the construction

materi al s, wor ker s, and ti me, as wel |l as an)
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construction. This last aspect of construction cost affects user costs as a road or lane

closue and/or detour will affect the drivers in the area.
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The maintenance costs for bridges depend on sekeyrdhctors. The planned l#gpan, the
bridge structural material (i.e. steel or concrete), the anticipated traffic load, the environment,
whether or not preventative maintenance is inclu(Redigle and Zaniewski2002) all affect
maintenance. Additionally, whether or not the bridgetams an expansion joint (and if it does, the

type of expansion joint used) can also impact the maintenance costs. In fact, when considering the

N

LCCA of a bridge with expansion | oi(Savios 2014) hey
Expansion joints are very susceptible to clogging, corrosion, and deterioration due to dgaamic |
impacts on their various components, which are more delicate when compared to a steel or concrete
girder. Consequently, the probability of maintenance needed on the bridge will increase with the
presence of an expansion joint. Furthermbesause thegre a weaker bridge component that spans
the width of the bridge, they can have significant impacts on other costs such as user and replacement
costs as well.

Repair and/or replacement costs for bridges are composed of the cost of repairing and/or
replagng each component of the bridge with respect to that compisrigetspan in comparison to
the overall b-spagnd ge 6 s desired |i fe

User Costs for a bridge are composed of costs to the drivers and residentsredidected
by the closing of or limitingf traffic on the bridge due to maintenance, repair, or replacement. They
are in some ways the most involved costs in an LCCA because they involve the public which
increased variability. These costs are due to delays to drivers personally, costs esvdlng in
traffic, and accidemateincreass due to road workKim et al, 2010; Reigle and Zaniewskl002)
As such they should be minimized by minimizing the disruption caused by the repair or maintenance
(Agency and Severn 20Q0)his could be done by limiting theodlure to one lane at a time and
performing maintenance, repair, or replacement in stages/portions. These aspects can be categorized
as three individual costs the sum of which equals the User costs included in a LCCA. Kim et al.
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(2010) define these costscaformulate the following equations to use in a LCCA. The driver delay
cost, vehicle operating costs, and accident costs are defined in equation form belowarabédls

are listed inTable2-1 (Kim et al, 2010)

Driver Delay Cost=F — 0 O0"Y0 0 (2.1)
Vehicle Operating Cost= — 0 0"Y0 i (2.2
AccidentCostH 6 O"Y0) 6 0 &) (2.3)

Table2-1 Parameters Assumed for User Cost Computdtam et al, 2010)

Parameters Symbols
Length of Affected Roadway (km) L
Average Daily Traffic (AD7) ADT
Normal Driving Speed (kmph) S
Roadwork Driving Speed (kmph) S
Normal Accident Rate (per million vehicles) An
Roadwork Accident Rate (per million vehicles Aa
Hourly Driver Cost (US$) w
Hourly Vehicle Operating Cost (US$) r
Cost per AccidentUS$) Ca
Required Days for Repair Nrepair
Required Days for Replacement Nreplace

Each of the parameters Trable 2-1are used in the three user cost equat{@i9, (2.2), and
(2.3). Furthermoregachis specific to that brige. Thereforethe parameters imable2-1 above are
an example of parartexs that might be used for a LCG#d would need to be adjusted for a
different specific bridge based on its locatiorrrent rates, expect traffidjmensionsand any other

available information

2.12 Maintenance of Bridges with Expansion Joints

The mainteance, repair, and replacement (MR&R) procedares the costs associated with

them forbridges& cr i tical to a bridgeds LCCA. The MR
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LCC for a given bridggMao and Huang2015) They can be divided up as MR&R costs for each
component of the bridge, such as the beams, columns, deck, and expansi@kgomet al.2007)
In fact in 2002 a study showed that20% of total infrastructure costs were due to MR&R in various
countrie(Mao and Huang2015) Therefore, the cost of MR&R directly related and important to
the overall LCCA.The many factors that influence MR&R costs for bridges are summarized in
Figure2-9 below. Traditionally LCCA in general and MR&R costs specifically have been analyzed
using statistical models and analysis, such as simple regression and overall trends to calculate costs
based on collected datslao andHuang, 2015) Furthermore, many traditional LCCA methods also
neglect user costs and preventative maintenance benefits and costs due to a lack of data or the
complexity of the calculations which raaffect all costs including MR&R cosi®Reigle and
Zaniewskj 2002)

Most LCCA modelsdo not give a specifiapproachfor the maintenance cosighich can
make it hard to determine that cqMao and Huang2015; Hawk 2003) A more accurate and
specific method would be to include probabtic approaches because festi mati
predicting how bridges deteriorate qMaeandt i me
Huang 2015). These costs should then be based on those predictions. Mao and Huang (2015)
conduceda study to estimate the MR&R costs of a bridge uaipnte Carlo simulation applying
probability distributios. They chose an expansion joint as their exampidgér component,
nonetheless the analysis could be applied to any bridge component and then the sum of all MR&R

costs for each component would equal the total MR&R costs for the bridge.
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However, using just a stochastic model utilizing probability of deterioration or defect and the
probability that further deterioration will develop has limitations too. For exagmpleg a strict
Markovian probability mdel might not account for unique factors affecting the current state of the
bridge The probability of transition from one form of deterioration to another requires sufficient
observed data related to the specific bridge which may not be availableakbgp@cnewer bridges
(Mao and Huang2015) FurthermorgeHuang and Mao argue that the future condition of the bridge
is affected by whldMarkdy procdsges amsparhdefiaed byrthe fact that future
conditions only dependxthe current conditiarWhile, probability should be a key part of predicting
defects and deterioration and thus MR&R costs, it should not be the sole source of that information,
other currenaind historicabbservations and the overarching deterioration processes should be used

to enhance that prediction.
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Typically, bridges are inspected visually for signs of deterioration and/or defects. While
visual inspection can be subjective dependintherperson, the bridge, and the governing guidelines
or procedures, it still provides data for each aspect of a bridge. Furthermore, because bridges have
been regularly visually inspected for the past forty years in the US and for many years in other
courtries as well, there is a wealth of data and knowledge that if made available could be used as a
basis for a deterioration model prediction and the evaluation of MR&R (ddatsand Huang015)
These observations and archived data could be used to compliment a probability matrix in order to
predict the future needs for MR&R of a bridge.

Furthermore, expansion joints are common in various forms in most bridges and are therefore
a key and at times criticalcomponent for maintenance of a bridge, as well as a main component
affecting costs in an LCCA. While most manufacturers will tout their expansion joints as having long
service lives free of maintenance, in the field this is seldam tn fact the joints are commonly the
first bridge components to need maintenance or répmra and de Britp2010) This is due to
their experiencing millions of impact loads from vehicle wheels throughout their lifetime. These
repeated impact loads can result in failure due to fatgacking Savioz, 2014) Their deterioration
can also be increased if water and/or @elsr able to creep into the jointherefore choosing the
best type of expansion joint for the bridge and environment is critical to minimizing maintenance
and replacement costs.

While joints are not an expensive part of the initial cost of a bridgallysonly about 1%
of the total construction cogtima and de Britp 2010) as discussed above they can have a
disproportionateffect on the maintenance/replacement costs over the life span of the britiggy A
in Portugal showed that over 0t dgecomsenaionamsiss 3 Y

were related [to] t he r epai f Linmanadd de Brppl2@l@) e me n t
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However, some of the other cost parameters are indirect costs associated with expanssuthoints
as costs to users due to limited or detoured traffic when conductingemeiice or repair.

As relates to joint maintenance and repairs of defextajnimize the damage and thus the
cost, a preventative approach should be taken towards bridges and expansioatfentisan a
corrective approach. A corrective approach adgresses the problem when it has become so bad
as to threaten serviceability, whereas a preventative approach addresses the problem when it first
begins to develop in order ensure that it does not grow worse.

Thefirst step in a preventative approachrtaintenance and repair costs is choosing the right
expansion joint type. The Colorado Department of Transportation (CDOT) typically uses a Strip Seal
expansion joint, otherwise known as an Elastomeric Seal expansion joint. This type of joint uses an
elag omerditapievd 0 neoprene gland strip inserted i
(CDOT 2015) BelowFigure2-10 shows a drawing of a Strip Seal, per CDOT standards. There is
another variation on stetagd 0s twhii g hs eaald,s @alsleed na
humps up as the joint closes and stretches out
seals can serve to push out any debris or dirt that might have fallen int(Saunbz 2014) The
Ahump seal 0-clgaming whichecan patentialfy slightly decrease the frequency of
maintenance inspections needed for the joint.

Another way to implement a preventative approach is by locating any defects in the expansion
joint early on in its development and fixing or correcting the issue to prevent degradation that might
have otherwisdeen introduced by the defdtima and de Britg 2010) What might start out as a
small insignificant deterioration or defect, could become a much larger problem if it is left to be
subject to continued loading and environmental effects. This would exacerbate what started out as a
small prdolem, cheap and simple to fix, turning it into a costlier operation that might also require a

more extensive road closure, affecting user costs.
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Regul ar Dbridge inspections for maintenance
LCCA. While joint inspections are included in regular bridge inspections it is possible that they
would need to be more frequetitan the regular bdge inspetion. This could be due tthe
degradation rate of a joint is higher. A j@gmtdegradation rate is affected by the type of joint, the
volume of traffic experienakby the joint, and the environment in which the joint is located. Lima
and de Bito (2010) categorize 12 different types of expansion joints from least amount of movement
all owed to most, Aopen jointsod to fAprefor med
r unner sThgseotypestofgoints are shownFigure2-11 below. Type 6 inFigure2-11is the
elastomeric flexible strips, the same as the CDOT strip seal.

Each type of joint is susceptible to different types of degradation andglafetthus would
affect the degradation rate. Additionally each joint type would have different initial, maintenance,
and repair costgKang et al. 2007) Similarly depending on the bridge type and location it will
experience different traffic volumes, and a bridge with higher traffic voluithexperience a higher
rate of degradatiofLima and de Britp2010) Finally, the environment will affect the degradation
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rate, a dry land bound environment will cause less degradation then a wet coastal environment. Due
to these many factors Lima and de Brito (2010) recommend thaétioel between joint inspections

should never exceed 15 months for a bridge with a high traffic volume.

Type 1 — Open joints Type 2 - Buried joints under continuous surfacing

Type 3 — Asphaltic plug joints

Type 5 — Preformed compression seal joints Type 6 — Elastomeric flexible strips

Type 7 - Steel sliding plates Type 8 — Reinforced elastomeric cushion joints

g
Lemmvﬁp |

Type 11 — Rolling leaf joints Type 12 — Multiple seal in metal runners joints

Figure2-11 Types of Jointg Lima and de Britp2010)

Additionally, it should be noted that once one defect or type of degradationerede

matrices can be used to determine the probability of other defects occurring due to association with
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the first defect(Lima and de Britp 2010) This is additional support for approaching bridge
maintenance with a preventative approach. These defects can be due to a variety s stssh
in detail by Marques Lima and De Brito, in general, however, they can be due to design errors,
manufacturing defects, installation error, a lack of maintenance, a sudden increase in traffic or use,
a change in environmental factors, or sudaepaict loads.

Lima and de Brito (2010) propose a rating system for defects in expansion joints. This system
determines the rating in terms of the defeseverity and thus how detrimental it is to the service of

the bridge. The rating system uses Equatif) below.

Pi = O.Zext (6|t||ocht + 5 c) + 2 pCep (24)

WhereP;is the rating of the defettEachl is an index for defect extent, service life penalty,
traffic penalty, defect location, structure potential penalty, and population penalty respectively,
varying from O up to 5 depending on the index and based on increasing severitgd Bhe ar e
coefficients for traffic volume and surrounding population eesipely. The numbers correspond to
percent weights for the system such that if every index and coefficient where to be at critical the total
rating would be 100. However in reality the highest rating would be 94 which concerns collapse or
missing joints Anything higher than 50 is considered very urgent and action should be taken
immediately(Lima and de Britp2010) Similarly, if a joint is in perfect condition then the rating
should be equal to zero.

The total degradation of a joint can be classifieD,asvhich is the sum of defecatings,P;,

of all defects in the joint. See Equati@hb) below.

D«=a P (2.5)
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This equatior(2.5) would enable the comparison of multiple expansion joints in the bridge
and therefore the most serious one could be repaired first.

Furthermore, when the expansion joint fails, comes to the end of its design life, or is requiring
excessive and expemsi maintenance and repair costs then the joint should be reBaedz,
2014) This isasimpleLCCA with fewer costs included, in ihe cost of continued maintenance is
compared to the cost of replacement and when the latter becomes the smaller thember
replacement should occur.

The goal throughout all MR&Rs to maximize the servickfe of the expansion joint while
minimizing the cost. This fits directly into the objective of LCCA for bridges. Expansion jiats
a significantpart of bridge design, by increasing their life cycle while minimizing maintenance cost

the overallLCC can be decreased.

2.13 Current LCCA Models for Bridges

Over the last few decades several LCCA models for bridges have been developed and
redeveloped. Currently there are three main types of LCCA models, deterministic, rational, and
probabilisticas seen ifrigure2-12 below. Each type has advantages and disadvantages depending
on whethetthe bridge is new or old, andepending on the available practitiomaperience in this
area or access to archived observed deteriorai@ta. Furthermore, each general model type has
overlapping ideas and assumptions, as well as numerous variations developed by various researchers.

The simplest type of LCCA model is a deterministic model, where each contributing cost
constraint is idetified, a corresponding cost value is found or estimated for each and the total is
summed. The final LCC is a discrete deter min

rangeo but not a det gBasineahd Estekanci@d1l%) dHisimlodelttype b a s e
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does not account for uncertainties, variation, or costs due to wtedpmsents affecting the bridge

(Reigle and ZaniewskP002) The neglect of uncertainties in the deterministic LCCA approach can
cause the resultsdo validity to be questioned [
The cost components for costs over the lifespan obtiige or structure might be the estimated

median cost due to each compon@dsim and Btekanchi2015) but an average does not account

for probability due to different environments or events. The maintenance cost per year is often a
rough estimate using a specified percentage of the construction cost if there is no historical data to
use Although if historical data is available that value is preferred. Some costs that are hard to
estimate or predict without data and probability are neglected, these might include some or all costs
associated with use(Kang et al.2007)

Rational models for LCCA are a combination of deterstic and risk analysis. They
primarily take a deterministic approach but base the cost values on recorded data of similar bridges.
These costs are based on the frequency of a certain cost affecting bridges in similar situations to the
one being analyzk Marques Lima and de Brito use a rational model for their LCCA, which is
described for expansion joints above in section 2.4. Their model is primarily only for MR&R costs;
however the rational model could be expanded for whole bridge analysis. In geeeralodel uses
a combination of matrices and tables which contain the various bridge or joint components, their

respective rating, and maintenance ¢bsha and de Britp2010)

51



Discrete

Costs Risk

Analysis

Acceptable
LCC Range,

Rational
Models

Discrete
Costs

Deterministiog Estimated
Models BT

Matrices

Historical

LCCA Data
Models for
Bridges

Neglects
Uncertainties

Cost
Probability

Probability of
Historical Probabilisti LT ponent

. Variability
Models

Includes Inflation
Uncertainties Rate

Figure2-12 Life-Cycle Cost Aalysis Models for Bridges

Probabilistic LCCA models are based on the probability of each cost occurring, a risk analysis
to determine the probabilistic risk associated with each cost, and the inflation rate overgbarlife
of the bridge. This approh finds the variability associated with each cost component. If information
and data are available, perhaps from the State Highway associate or the local Department of
Transportation, then it can be analyzed to estimate the probabilities associateacivifarameter.
The risk of each cost could then be modeled mathemati@edgncy and Severr2000) However,
if this type of data is not available or accessible then a qualitative risk assessment could be conducted
(Agency and Severr2000) By including the uncertainty of the various cost components, the

decision maker can take them into account when comparifegesit scenarios or desig(Reige
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and Zaniewski2002) For most probab#tic LCCA models probability distributions are used and

all costs are brought back to a present worth value using basic net present worth analysis. Using a
present worth analysis accounts for the monetary clsangelife cycle of various components and
combining it with uncertainty analysis can provide a precise (@€@nscheid, n.d.)

While some probability analgs rely on analysis of bridge inspection data to form
probabilties for the cost components, other LCCA models use predictive m(iRleigle and
Zaniewskj 2002) A probability or risk based LCCA model creates a more universal model because
costs for each component are going to be similar for different bridges, however, the probability will
changebased on the environment, location, and conditions. Therefore, if probabilities are developed
for the specific situation, or design, then the LCCA can be conducted for that bridge.

I n order to determine the pr obnabccidentdlloads f or
scenari oso0o must be identi fi eAdendy antl Sevegr2000h dfi r pr ¢
data is not available for analysis and calculation of probabilities then a simple risk interaction matrix
can be used. An example from Agency & Severn is belovable2-2. This matrix can then be used
to analyze the hazards and risks associated with a given bridge. Agency & Sever2%oman
old existing bridge as an example and analyze the risks with an interaction matrix as Gl in
2-3 below. However, if a risk interaction matrix were to be used in a LCCA then the various
classifications of severe, high, medium, low, frequent, occasional, remote, improbable would need
to have probabilities associatedh their intersections: unacceptable, tolerable with precautions, and
acceptablelFurthermorethe mitigation for each hazard would need to be quantified as a cost. These
probabilities and costs could then be used in relation to the various hazagtrmairak the LCC in

the LCCA.
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Table2-2 A Risk Interaction MatriXAgency and Severr2000)

Severity Category Likelihood
Frequent Occasional Remote Improbable
Severe U U U U
High U U U T
Medium U T T T
Low T T A A

A = Acceptable T Tolerable with preastions U =Unacceptableindesirable

Whil e Agency & Severnd6s solution to a | ack
is not as ideal nor as precise as analyzing real inspection data for probabilities. Osman in his report
on N-BaseslkifeCycl e Costsodo discusses this need for
disadvantages of Probabilistic LCCA. He cites the need for large amounts of reliable cost and
performanceelated data, simulation capability and statistical manipulations as sahaedto
probabilistic analysi§Osman 2005) However, thiss a limitation for him because he is focused on
private sector design and building.

Federal and State agencies such as state departments of transportation have access to all of
their previous bridge inspections and performance data for various typedes ioridifferent types
of locations. Therefore, if a LCCA is being carried out in the public sphere by either the State
Highway Association or local Departments of Transportation or another company contracted by one
of them, the data should be availablegoobabilistic analysis.

A newer bridge wil!/l have a higher probabil
action) being chosen because most of its deterioration is minimal argnons with respect to the
serviceability of the bridge. The weerse would be true of an old bridge which would have a higher
percent of severe deterioration and thus a higher probability of needing repair or replacement. As the
bridge ages and begins to exceed 30 years in service the probability of replacemesesrtor&00%
quickly (Mao and Huang2015) Therefore, these probabilities can be used to determine the LCC for

MR&R costs for a bridge based on its current age and for the restitd-itydle.
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Table2-3 Risk interaction matrix for Exampl@gency and Sever2000)

Hazard Likelihoo Severit Initial Mitigation Residual
d y Risk Risk
Overload Remote  High U Bridge was designed to British T
Standards, carry out assessment t
Eurocodes. From past dadad bridge
location, review the possibility of
abnormal vehicles
Dispropor  Remote  High U Assess the effects of failure of part: T
tionateand such as bearings or bolts. Confirm tt
progressive structure has sufficient redundancy
collapse and that requements of Eurocode 1
are met.
Vehicle  Occasiona Mediu T Bridge was designed with standarc T
Impact I m UK aluminum parapet. Cary out
assessment to Eurocodes and usir
local UK risk assessment methods f
parapets.
Corrosion Occasiona Mediu T Review pecious inspections. Carry A
I m out further inspections at time
intervals specified in local UK
requirements. If there is corrosion,
determine likely loss of section for ut
In assessment.
Floodingto Remote  High U Bridge original designed for flab T
beam level flows. Review historical river flow
data. Assess structure for debris loe
and water pressures if required.
Scouring Remote  High U Review previous inspections. Cary c T
Foundation further inspections at low flows.
S
Settlement Occasbna Severe U Bridge originally designed for T
of I significant movements form grounc
foundations settlement from mineral extraction.
Review extent of current extraction
and future extraction; assess effects
structure (bearings and joints in
particular)
Seismic Remote  Mediu T Bridge not designed for seismic loac A
Effects m review local UK requirements.
Review robustness of structure ani
beam seating requirements in
particular
Fire Remote  Mediu T Review likelihood of storage of hay ( A
m other flammable material under

structure

A = Acceptable. T = Tolerable with precautions. U = Unacceptable/undesirable
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The probability for each component based on deterioration and the age of the bridge can be
combined to form the many MR&R costs included in the LG@Wo and Huang?2015) Therefore,
for any bridge components the MR&R costs should be correlated to the age of the bridge, and the
fact that their probability will increase as the bridge ages shouidakiea into consideration in any
LCCA. The costs can be brought to a present value that includes that probability with respect to age.

Another one of the current LCCA approaches was developed for the National Corporative
Highway Research Program (NCHRP). eTtBridge LifeCycle Cost Analysis (BLCCA)
methodology was described in a 2003 report by Hugh Hawk. When it was written, many states had
not yet implemented any form of LCCA, the report was aimed to help more states implement LCCA
approaches in their de@®s processes. While more states today are using LCCA in their decision
making, the report still provides an excellent description of a general model for LCCA of bridges.
Furthermore, the NCHRP model for BLCCA could provide a useful starting guide felogewg a

LCCA model for expansion joints in bridges. N C

Age of Bridge (Yrs)

Severity of Action Needed
Figure2-13 MR&R action severity vs Bridge Age
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First risks and vulnerabilitiemust be determined fortaidgelocation and each of those risks
assigned a cost based on the probability of it occurring and consequent costs caused by the risk.
These risks and vulnerabiét could be due to overloads of traffic or equipment on thegbrid
seismicevents bridge scour, partial failure, et¢gdawk, 2003) Other costs should be estimated as
well. Hawk describes agency costs as including maintenance, rehabilitation, and replacement costs.
Each of the agency costs is affected by material, typredition, environment and location, average
daily traffic, element types, and frequency of maintenance and inspection, among(ldtveks
2003) User costs and operation costs are also directly related to agency costs and should be analyzed
and determing, user costs were discussed in more detail in se2iBabove.

The general form of the BLCA equation is

LCC = DC + CC + MC + RC + UC + SV (2.6)

Where:
LCC = life-cycle cost,
DC = design cost
CC = construction cost
MC = maintenance cost
RC = rehabilitation cost
UC = user cost

SV = salvage value

The BLCCA model 6s costs that take place 1in
worth value using net present value formulas for unifornesgone time series, gradient series, or
combinations depending on the nature of the cost. This would produce the present LCC for each
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alternative. In the BLCCA model Hawk describes predicting the distant future as impractical. Instead
he proposes thatspecific sequence of maintenance and rehabilitation be analyzed for LCC and then
he suggests that, for analysis purposes that sequence repeats itself endlessly. Eventually the bridge
is replaced and the whole LCCA is repeated. This perpetuated bridgemnasice and rehabilitation

is due to most bridge design life spans being 50 years or (iHaxek, 2003) Furthermore, while

using probability and data for determining the components of the BLCCA equation, it is not
appropriate to assume complete accuracy vapgroaching the end of the life span of the bridge,

but by using the most current data available an acceptable confidence level might be reached.

2.14 Conclusion

LCCA is critical for cost effective bridge and expansion joint design, eagtcomponents
rangirg from initial cost to maintenance and replacement costs. While there are so many factors
affecting the LCC of a bridge, there are many ways to calculate that cost and perform a LCCA, from
a strictly determinate analysis to an analysis based on proleghiliich model, as discussed above,
has advantages and disadvantages. Howeviy, tdkingthe best parts of the various models and
building a more comprehensive model for expansion joints based on determinate costs of each
component and a probability tfat cost being applied over the {gpan of the bridge then a realistic
LCC might be reached. This approach can be used to form a LCCA equation for expansion joints in
bridges, however, it can also be used to form an LCCA equation for replacing ergaimg®with
a continuous connection. With these two equations, for an expansion joint that hed tteaemd
of its life-span and needs to be repladbe LCCA can be compared for replacing the joint with a

second expansion joint or for retrofittinge joint to be continuous. Then the more economical
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solution can be chosen based on these LCCs. The equations for each scenario are shown below as
Eq. 7 and 8.

Proposed LCCA model

LCCei=f(C + Cc+ Co+ CnPm + CiPr + CecPec + CuPu + SV) (2.7

LCCrc=f ( G + Crt Co + CnPm + CiPr + CodPec + GuPu + SV) (28)

Where:
LCCe; = Life Cycle Cost of Expansion Joint
LCCrc= Life Cycle Cost of Retrofitted Contious replacement of joint
Ci = initial cost, fixed cost
C. = construction cost, fixed cost
Cr = retrofitting cost for continuous, fixed cost
Co=cost of operation, fixed cost (only applicable for toll draw bridges)
CmPm=cost of maintenance (function of tejmp(CnnPmn i f Temp > 32 ekF;
CmcPmc i f Temp < or = 32 eF
CmPm= composed of maintenance costs of each part of the expansion joint
C:P: = replacementost (function of temp) = (€P+if Temp > 3% F ;
CicPc i f Temp < or = 32
C:P: = composeaf replacement costs of each part of the expansion joint
CcdPec = cost of capital
CuPu = user cost = Pg+ C/Py+ CaPa
CdPq = driver cost
C\Py = vehicle operation cost
CaPa = accident cost
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The probabilities, P, for each cost would come from an analf/gie respective Department
of Transportationb6s bridge inspection data. TtF
respective Department of Transportationds data
LCCA models, and costsfgimilar products or projects. These probabilities and costs could then
be input into Eq(2.7) and(2.8) to calculate the LCCAs for each case.

The LCCA for both expatisn joints and for retrofitted continuous joints could be determined
and the most cost effective solution chosen for langige scenario. While these equations are
primarily designed for analyzing the LCC of joints for existing bridges, the model equetiolls
easily be adjusted for use on new bridges. The costs and probabilities for each component would
have to be adjusted for the whole bridge instead of for only the joint.

This would expand the number of components with in each overarching cost @mpon

however the overall process and overarching cost components would remain the same.
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CHAPTER 3
BRIDGE SELECTION AND FIELD INSTRUMENTATION PLA N

3.1 Introduction

In collaboration with the Colorado Department of Transportation, multiple bridges were
considered for instrumentation to investigate thermal loading and the implications of deck joint
elimination. To correlate the movements detected by the instrumentation as much as possible to those
due thermal effects, specific geometries and characteristoandidate bridges were desired. The
bridges selected for modeling needed to possess at least one deck joint and simply supported
structural elements that frame into the deck joint. Safe access to bridges for instrumentation purposes
was also an importariictor considered when assessing bridge candidates. Bridges with minimal
skew, minimal horizontal curvature, and minimal vertical curvature were sought.

As discussed in Chapter 2, skew and curvature have an effect on the movements of bridges
under thermaloading. However, this study focuses primarily on the vertical thermal gradient. In
order to truly assess how a vertical thermal gradient manifests itself in bridge movement and
performance, it was necessary to minimize the effects that other bridgetetistias would have
on the sensorsd measur ement s.-to-flohskew arfd @urvature br i d
were considered for model calibration and deck joint performance assessment.

One concrete and one steel bridge were chosen for field tastthfpr numerical modeling
in CSi Bridge, a finite element software produced by the maker of SAP28@Mnstrumentation
plan was developed to capture the thermal loading throughout the superstructure depth at the
expansion joint and the structural respenTherefore, temperature sensors, strain sensors and

displacement sensors were used on the bridges selected for fine instrumentation. Details of the
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instrumentation plans for the two bridges chosen to be finely instrumented are discussed further in
Secton 3.4.

An additional 16 bridges were chosen to be instrumented across the state of Colorado with
scratch gauges. A scratch gauge is a displacement sensor that was developed by the Colorado
Department of Transportation and manufactured at the Structugihdering Laboratory at
Colorado State University. It is a nafectronic displacement sensor developed to assess the
influence of regional variations on expansion joint movement. Further details on the scratch gauge

configuration are discussed in Sectid.

3.2 Steel Bridge B-16-FM)

The steel bridge selected for the studyl@FM, is located approximately 10 miles north of
Fort Collins, CO and allows County Road 58 to pass over Interstate 25. The proximity to Colorado
State University will give future searchers access to the bridge to troubleshoot any difficulties with
the Data Acquisition System (DAQ) and/or instrumentation sensors. The figure sletove an

aerial view of B16-FM.
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Figure3-1. Plate Giders for Bridge BL6-FM (Google Maps Image)

The bridge possesses three steel plate girders with varying flange thicknesses, bearing and
intermediate stiffeners, and steel diaphragms. Traffic crosses the bridge through one east bound and

one westbound lan Figure 3 the superstructure from under the west abutment of the bridge.
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